Although the short-term results of atrial level repair of transposition of the great arteries (TGA) are satisfactory, longer follow-up has disclosed a significant incidence of systemic right ventricular dysfunction and rhythm disturbances. The arterial switch operation (ASO) may represent a major improvement by restoring the left ventricle as the systemic ventricle and avoiding extensive atrial surgery. We have prospectively evaluated 49 consecutive survivors of ASO for TGA with intact ventricular septum (IVS) by clinical examination, echocardiography, cardiac catheterization, ambulatory electrocardiographic monitoring, and invasive electrophysiologic studies. The mean length of follow-up has been 29 ± 14 (SD) months after surgery. All children are currently asymptomatic and on no medications. Severe supravalvular pulmonary stenosis (> 60 mm Hg) was present in five children, all of whom have undergone reoperation. No patient has severe supravalvular aortic obstruction. Mild degrees of supravalvular pulmonary or aortic obstruction have not progressed. Seven children (14%) have trivial or mild aortic regurgitation. Two children have proximal occlusion of the left anterior descending coronary artery with adequate retrograde collateral perfusion. One child had an electrocardiographic pattern of inferior myocardial infarction without evidence of ventricular dysfunction. Systemic (left) ventricular function is normal as measured by end-diastolic pressure (mean 7 ± 6 mm Hg), ejection fraction (mean 68 ± 6%), end-diastolic volume (mean 101 ± 22% of predicted normal), and cardiac index (mean 4.7 ± 1.3 liters/min/m2). Only one patient has sinus node dysfunction. There have been no late deaths. These early results are encouraging. We conclude that the arterial switch operation is currently the procedure of choice for neonates with TGA and IVS.
ventricle, and (2) the maintenance of sinus node function.
There are many`7 reports describing the surgical results and short-term clinical follow-up of children after successful ASO. Most have reported heterogeneous patient populations, including those with intact ventricular septum (IVS), ventricular septal defect (VSD), and double-outlet right ventricle. Some centers have used single-stage ASO, while others have reported both primary ASO and preliminary pulmonary artery banding followed by ASO as a second operation.
Although the present mortality rate for primary repair is comparable to that for atrial switch techniques, 12the long-term outlook remains unknown. To evaluate the theoretical advantages of ASO, we began a prospective evaluation of the survivors, with particu-Vol. 77, No. 6, June 1988 1333 lar attention to the great vessel and coronary anastomoses, ventricular function, valvular competence, and cardiac rhythm.
Patients and methods
Background. At The Children's Hospital, Boston, ASO has been performed as a primary operation for neonates presenting with TGA/IVS since January 1983. 8 In the 5 year period ending December 31, 1987, 100 infants have undergone primary repair. The overall mortality rate was 13.0%. In the first 2 ½/2 years the mortality rate was 25% (8/32) ; however, in the last 2 ½/2 years the mortality rate has fallen to 7.4% (5/68) . This report will focus on the first 49 consecutive hospital survivors, representing all patients undergoing repair before 1987 and followed for at least 1 year after surgery.
Protocol. Outpatient follow-up included clinical evaluation and electrocardiograms at 6 month intervals, and Holter recordings and two-dimensional echocardiography/Doppler at discharge after surgery and every 1 to 2 years. A complete hemodynamic and electrophysiologic evaluation was recommended within 1 year of surgery. This included cardiac catheterization with limited electrophysiology, two-dimensional electrocardiography/Doppler, and 24 hr Holter monitoring. Thirty of these 49 children are primarily cared for at other institutions, which explains the variability in protocol compliance and intervals of follow-up. The referring cardiologists were contacted and the most recent records were reviewed (through December 1987). Study group. Balloon atrial septostomy was performed in 44 of 49 patients (90%). One child had associated dextrocardia and an aortic coarctation that was repaired 8 days before the ASO. Seven patients had hemodynamically insignificant ventricular septal defects that did not require surgical closure. The median age at operation was 4 days; three patients were older than 28 days. One, repaired at 7 weeks of age, had systemic left ventricular and pulmonary artery pressures secondary to a large patent ductus arteriosus (PDA). Two patients underwent repair at 4 and 7 months of age; left ventricular pressures were 76% and 66% of systemic pressure, respectively, due to dynamic subpulmonary stenosis. The median weight at operation was 3.4 kg (range 2.2 to 5.0).
In 48 of 49 patients, surgery was performed with the use of cardiopulmonary bypass with core cooling and deep hypothermic circulatory arrest. 9 The mean circulatory arrest time was 65 + 9(SD) min. The remaining patient underwent brief (9 min) circulatory arrest, and ASO was performed under continuous low-flow bypass with profound hypothermia. Anterior translocation of the main pulmonary artery (LeCompte maneuver)'0 was performed in all. The mean aortic cross-clamp time was 67 + 11 min. Electrocardiography and Holter monitoring. A total of 308 electrocardiograms was interpreted by one of the authors (E. W.) at a mean of 26 + 11 months after ASO. Standard agecorrected criteria for chamber hypertrophy and conduction intervals were used.'1 Two-channel Holter data included 102 records at a mean of 11 + 10 months after ASO. Tapes from The Children's Hospital were scanned by one experienced technician using the Camscan Holter system.
Echocardiography. Examinations at The Children's Hospital were performed with an ATL 600 or HP 77020A with Doppler. Standard views were supplemented by a sagittal plane view in the long axis of the great arteries to visualize the arterial anastomoses. Pulsed and continuous-wave Doppler were used to evaluate valvular competence and to identify and quantify anastomotic obstruction. Color Doppler has been used since January 1987. Cardiac catheterization. Right and left heart catheterization were undertaken in 46 of the 49 survivors (94%) at a mean of 9.4 ± 4.7 months after surgery (range 4.5 to 31.3) with the use of standard sedation.12 One patient who underwent early (8 days) postoperative catheterization had the presence of an echocardiographically demonstrated residual atrial septal defect (ASD) confirmed; it was subsequently closed. The results of this patient's second postoperative catheterization obtained 13 months after ASO are reported here.
Oximetry was used to detect significant'3 intracardiac shunting. Peak-to-peak systolic ejection gradients (PSEGs) were recorded across both outflow tracts and arterial anastomoses. Cardiac output was determined in 39 patients with use of the Fick principle (n = 30) or thermodilution (n = 9). All angiograms were reviewed for anatomic deformity, valvular regurgitation, and coronary patency. Left ventricular volume and ejection fraction were determined by previously described techniques'4 15 in patients with adequate left ventricular angiograms (n = 28). When calibration factors and body surface area (BSA) were available (n = 24), left ventricular end-diastolic volume (LVEDV) was compared with published'6 normal values. The predicted normal value for LVEDV was based on the equation 74 Electrophysiologic study. Thirty children underwent limited electrophysiologic study during catheterization. The corrected sinus node (or subsidiary pacemaker) recovery time, AH, and HV intervals were measured by previously described techniques.17 Rapid atrial pacing until onset of Wenckebach was used to assess atrioventricular node function.
Results

Hemodynamic evaluation
Great vessel anastomoses. The most frequent postoperative hemodynamic abnormality at catheterization was supravalvular pulmonary stenosis. The PSEG from the right ventricle to the distal pulmonary artery was measured in 44 of 46 patients (figure 1). The two children without right ventricular-pulmonary artery measurements had angiographically severe supravalvular pulmonary stenosis and right ventricular pressures of 158 and 145 mm Hg; they were the first two children to undergo ASO at our institution. Since 1985, only one patient had supravalvular pulmonary stenosis greater than 35 mm Hg.
Two types of supravalvular pulmonary stenosis were identified: (1) forward "tension" on the anastomosis (figure 2) with anteroposterior flattening of the main pulmonary artery and branch pulmonary arteries, and (2) circumferential narrowing at the suture line ( figure 3 ). Branch pulmonary artery stenosis was not seen when the pulmonary anastomosis was unobstructed, but right pulmonary artery and/or left pulmonary artery gradients of 10 to 15 mm Hg were identified in Doppler interrogation of the supravalvular anastomoses correlated well with the PSEG obtained at catheterization. Thirty-eight children underwent Doppler examination shortly before or at the time of their admission for catheterization. Of the 76 anastomoses (two per patient) thus evaluated, the measured gradient at catheterization was within 15 mm Hg of the gradient obtained by Doppler in 74 (97%). A Doppler gradient of 20 mm Hg contrasted with a 50 mm Hg PSEG of supravalvular pulmonary stenosis at catheterization in one patient, and a Doppler gradient of 35 mm Hg contrasted with a 15 mm Hg PSEG of supravalvular aortic stenosis in another patient.
Semilunar valvular regurgitation. Aortic root angiography was performed in 45 patients. Catheter position precluded adequate determination of aortic regurgitation in seven. Of the remaining 38 patients, 35 had no aortic regurgitation, while three had mild aortic regurgitation. Two additional patients had aortic regurgitation detected only on Doppler examination. Pulmonary regurgitation was difficult to assess during cardiac catheterization due to catheter location. One patient did have mild pulmonary regurgitation detected by Doppler interrogation before catheterization. right coronary system. In both of these patients, the right coronary artery (RCA) gave rise to the circumflex coronary artery, with a separate origin of the LAD from the left facing sinus. Both of these patients were asymptomatic with normal electrocardiograms, ventricular end-diastolic pressure, ejection fraction, and cardiac index.
Oximetrylintracardiac shunting. Of the seven patients with tiny VSDs noted preoperatively, none had a significant left-to-right shunt by oximetry. One had trivial right-to-left shunting (systemic saturation 92%) due to supravalvular pulmonary stenosis and suprasystemic right ventricular pressure. In addition to the patient in whom a residual ASD was closed early after ASO, two additional patients had residual ASDs documented by oximetry and angiography. The pulmonary/systemic flow ratio was 1.5 in both; neither has undergone reoperation. In the remaining 43 patients without significant intracardiac shunts, the mean pulmonary artery saturation was 76% (range 61% to 81%); all had at least 95% saturation in the left ventricle or aorta. Ventricularfunction (figures 5 and 6). The mean left ventricular end-diastolic pressure (n = 46) was 7.2 ± 6.3 mm Hg (range 3 to 12). No regional wall motion ab- normalities were identified by left ventricular angiography (n = 45). One patient had mild mitral regurgitation. The mean left ventricular ejection fraction was 67 ± 6% (range 57% to 81%). Mean regional wall motion abnormalities were identified by right ventricular angiography (n = 37).
Pulmonary hypertension. Of the 44 patients in whom the distal pulmonary arteries were entered, 43 (98%) had peak systolic pressures of less than 25 mm Hg. The pulmonary artery pressures and resistance were elevated in the remaining patient who had a large patent ductus arteriosus and underwent ASO at 7 weeks of age. In room air, peak right ventricular and pulmonary artery pressure was 2/3 of systemic and the calculated resistance was 11.1 Woods units. The pulmonary-tosystemic (Rp/Rs) ratio was 0.5. With 100% inspired oxygen, peak pulmonary artery pressure decreased to one-half of systemic and calculated resistance fell to 6.6 Woods units; the Rp/Rs ratio was 0.3. There was no intracardiac shunting by oximetry or angiography in this infant.
Systemic-to-pulmonary collaterals. On aortic root and left ventricular injections, a plexus of systemic-to-pulmonary collateral vessels was identified in most patients, and this plexus arose from the descending aorta ( figure 8 ). The quantitation of shunt through these vessels was not calculated, but by angiography the amount appeared small in all patients. Collateral flow to the right lung was more common than that to the left lung.
The three patients who have not undergone hemody- patients at a mean of 29 + 13 months (range 12 to 53) after ASO. None of the children had cardiovascular symptoms or were taking cardiac medications. Fortyeight of the 49 children were at normal (3% to 97%) height and weight percentiles for age. Systolic murmurs were noted in all patients, usually at the base. Harsh (grade III or IV) murmurs (n = 7) were associated with tiny VSDs or severe supravalvular pulmonary stenosis. Although a total of seven patients had aortic regurgitation documented by angiography or Doppler (see below), only three patients had an audible diastolic murmur of aortic regurgitation. The one patient with pulmonary hypertension at the time of postoperative catheterization continued to have evidence of elevated pulmonary pressure by physical examination, electrocardiography, and echocardiography 53 months after operation. Five children have had repeat surgery to relieve supravalvular pulmonary stenosis; postoperative balloon angioplasty was attempted unsuccessfully in three of these children. Despite repeat surgery, three of five had persistent supravalvular pulmonary stenosis documented by Doppler and/or catheterization (table 1) .
Electrocardiography. Right ventricular hypertrophy was present in all five patients with supravalvular pulmonary stenosis in excess of 60 mm Hg and in the patient with pulmonary artery hypertension. Supraval-vular pulmonary stenosis with a PSEG of less than 60 mm Hg was not consistently associated with right ventricular hypertrophy. Successful surgical relief of right ventricular obstruction was accompanied by reduction in right ventricular forces to the normal range. One patient with aortic regurgitation had left ventricular hypertrophy. Two patients had unusual localized ST elevation during the first 3 days after ASO; however, electrocardiograms were normal at hospital discharge and all coronary arteries filled promptly at follow-up catheterization. One patient developed an electrocardiographic pattern of inferior infarction immediately postoperatively, and although R waves had returned in lead II, III, and aVF by 10 months after ASO, pathologic Q waves persisted at 48 month follow-up. This patient's coronary arteriogram and left ventriculogram were normal.
Echocardiography/Doppler. Of the 46 patients with complete hemodynamic measurements obtained at cardiac catheterization, 24 (52%) underwent subsequent two-dimensional and Doppler echocardiographic examinations. These examinations ranged from 12 to 48 months (mean 32 ± 11) after ASO. No regional wall motion abnormalities were detected and left ventricular function was qualitatively normal. New findings included mild mitral regurgitation in one patient, mild aortic regurgitation in two patients, and mild pulmonary regurgitation in two patients.
Doppler examinations across the aortic anastomosis were performed in all 24 patients; none developed an increase in the measured aortic gradient compared with the prior PSEG at catheterization. These 24 patients had varying degrees of supravalvular pulmonary stenosis at initial catheterization. All five patients with severe obstruction (>60 mm Hg), have had reoperation (table 1 ). An additional six patients had moderate (20 to 60 mm Hg), and 13 others mild (<20 mm Hg) supravalvular pulmonary stenosis. No patient with mild or moderate supravalvular pulmonary stenosis has had reoperation. The severity of supravalvular pulmonary stenosis has slowly progressed in three of six patients with moderate supravalvular pulmonary stenosis. No patient with mild supravalvular pulmonary stenosis has had progression of stenosis ( figure 9 ). Additional catheterizations. Two patients underwent a second postoperative catheterization 46 and 52 months after ASO to evaluate surgical relief of supravalvular pulmonary stenosis. Although moderate residual pulmonary obstruction persisted, neither had a significant gradient across the aortic anastomosis, and both had normal left ventricular end-diastolic pressure (6 and 8 mm Hg), normal cardiac index (3.8 and 5.6 liters/ min/m2), patent coronary arteries, and a competent aortic valve.
Arrhythmia and conduction evaluation. Sinus rhythm (normal P wave rate and axis) was present in 48 one patient had junctional recovery (at 700 msec) after atrial pacing. The corrected sinus node recovery time was normal (<275 msec) in 29 of 30 patients. The one patient with sinus node dysfunction is asymptomatic and has not required medical or pacemaker therapy. Although his electrophysiologic study was abnormal 6 months after ASO, his electrocardiograms and Holter recordings did not show evidence of sinus node dysfunction until junctional rhythm was present at 42 months of age.
Intracardiac conduction was normal for all patients. No atrioventricular or complete right bundle branch block was found on the electrocardiogram or Holter record. "Incomplete bundle branch block" (RSR' pattern in V4R and/or VI, with normal QRS duration) was a common finding in nearly half the patients. At electrophysiologic study, the AH and HV intervals and atrioventricular node response to rapid atrial pacing were normal in all 30 patients.
Asymptomatic low-grade atrial and ventricular ectopy were frequently observed (table 2). Isolated atrial premature beats were common, but only one infant had an episode of supraventricular tachycardia (7 beats, nonsustained) shortly after surgery. The overall incidence of ventricular premature beats has decreased for the study population, although one patient had rare multiform beats, and one had an isolated couplet at later follow-up. Pacemaker therapy or specific antiarrhythmic drug therapy was not prescribed for any patient.
Discussion
TGA has traditionally been repaired by atrial switch techniques (Mustard or Senning), which result in normal systemic oxygen saturation. While these techniques currently carry a very low operative risk,18' 19 delay in repair may result in additional preoperative morbidity (prolonged cyanosis, cerebrovascular accidents, pulmonary vascular disease, delayed cognitive function, etc.) and mortality, which may often go unreported in results of surgical series. Postoperatively, significant long-term complications are common, and include most importantly systemic (right) ventricular dysfunction20-27 and symptomatic arrhythmias.28-3 Antiarrhythmic and/or pacemaker therapy is not uncommon, and sudden death has been reported as well. 22, 26', 28, 30 Since some of these postoperative complications appear to be related to factors inherent to atrial correction (the extensive atrial surgery32-35 and continued reliance on the right ventricle as the systemic ventricle), interest has developed in anatomic correction by ASO, either as a single procedure or as an initial pulmonary artery banding with subsequent definitive repair.
Two-stage anatomic correction has several disadvantages when compared with early primary repair. Preliminary banding of the pulmonary artery carries an additional operative risk,'0 may cause pericardial adhesions, and may distort the underlying pulmonary 1340 valve,36 predisposing to "aortic" regurgitation after ASO. We have therefore chosen to repair TGA/IVS by ASO as a primary procedure in the neonate.
Recent improvements in patient selection, surgical technique, and postoperative care have reduced the mortality rate in our center to levels comparable to those after atrial repair. 8 In a recent large, multicenter prospective trial, the operative risk for surgical repair of TGA was similar between ASO and atrial correction at other institutions as well." 2 Therefore, the choice of repair will ultimately depend on the incidence and severity of postoperative complications and long-term well being after ASO.
In our patient population and in other recent reports, 35 6, 37 the most common postoperative complication has been supravalvular pulmonary stenosis. Early in our experience, excessive tension on the anastomosis, mostly due to insufficient dissection of the distal pulmonary arteries, led to elongation and flattening of the anteriorly translocated main and branch pulmonary arteries. This type of supravalvular pulmonary stenosis has been difficult to relieve either by balloon angioplasty or surgical patchplasty (table 1) .
Recognition of this complication led to changes in surgical technique. The branches of the right and left pulmonary arteries are now freed of surrounding tissue and are mobilized well into the hila; this extensive dissection greatly facilitates the anterior translocation (LeCompte maneuver) of the main pulmonary artery. In addition, the explanted coronary donor areas are now filled with generous autologous pericardial patches, which also decrease the tension on the anastomosis (figure 10). Only one patient had significant supravalvular pulmonary stenosis since these operative changes were instituted.
Serial Doppler data, which correlate well with PSEG at catheterization, suggest that mild supravalvular obstruction is not progressive. Late appearing supravalvular pulmonary stenosis has not occurred in our group, although it has been reported in patients who had conduits interposed between the proximal native aorta and main pulmonary artery.7 For this reason we believe that conduits should be avoided.
In contrast to supravalvular pulmonary stenosis, no patient in our series, or in any other published series, whom serial catheterization data were obtained. Longer follow-up will be needed to adequately assess the fate of these anastomoses made in early infancy.
Aortic regurgitation (trivial or mild) was identified in seven of our 49 patients (14%), and has been reported by other authors as well. Quagebeur et al. 5 reported clinical or angiographic aortic regurgitation (mild) in three of 55 survivors (IVS and VSD), but did not specify the duration of follow-up, age at operation, or the presence of associated intracardiac defects in those patients with aortic regurgitation. Sidi et al. 3 reported clinically suspected aortic regurgitation in one of 30 patients with TGA/IVS followed for at least 3 months after ASO, although the incidence of aortic regurgitation was not confirmed by angiography or Doppler examination. Lange et al. 4 reported a somewhat higher incidence (31%) of trivial angiographic aortic regurgitation after two-stage correction. The clinical significance of trivial or mild aortic regurgitation after ASO is unclear. Close follow-up of this group of patients seems warranted to evaluate the progression of previously documented aortic regurgitation, to determine the frequency and severity of late-appearing AR, and to determine the long-term effects on ventricular size and function.
The mobilization and translocation of the coronary arteries remains the most technically challenging aspect of the ASO, and may contribute significantly to perioperative mortality and morbidity. Large segments Vol. 77, No. 6, June 1988 of surrounding aortic wall are removed around the coronary ostia to enhance the likelihood of life-long coronary patency, since experimental studies in pigs have suggested that surrounding cuff growth is limited. 39 Early postoperative ventricular dysfunction3' and electrocardiographic changes may be due in part to coronary insufficiency. Two patients in this series had transient electrocardiographic evidence of myocardial ischemia, and one had an electrocardiographic pattern suggestive of an inferior myocardial infarction. Myocardial infarction and sudden death have been reported in survivors after ASO in other series as well.3' 5 Two of our patients had unexpected proximal occlusion of the LAD documented angiographically, with adequate collateral flow. In both, the circumflex arose from the RCA, the LAD being of relatively small caliber. Perhaps these two patients had a gradual progression to complete obstruction, with the concomitant development of adequate collateral flow. At followup, neither had symptoms, evidence of left ventricular dysfunction, or electrocardiographic abnormalities.
The occlusion was only discovered on the "routine" postoperative angiogram. In addition, a recent study using isoproterenol during thallium scanning has suggested perfusion defects in some patients.' Thus, we believe that routine postoperative angiography is indicated to identify patients with proximal coronary occlusion.
Systemic ventricular dysfunction has been well doc-1341 umented21 22' 26, 41 in patients after atrial correction. Some patients are symptomatic and many more have laboratory evidence of subclinical dysfunction, including a blunted response to exercise23 and afterload challenge. 24 After atrial switch procedures, the right ventricle is larger and the right ventricular angiographic ejection fraction is depressed25 ' 27 45 reported abnormal contractility in two of 12 patients studied echocardiographically with afterload (methoxamine) challenge. Although the twostage ASO also restores the left ventricle as the systemic ventricle, "late" pulmonary artery banding with a subsequent ASO may not maintain left ventricular function as well as primary repair.
The frequency with which systemic-to-pulmonary collateral vessels were observed in this group was somewhat surprising, considering the early age at repair and relatively short period of postnatal cyanosis. These vessels may be intrinsic to TGA and not related to the duration or degree of cyanosis before repair. Many studies28"35 have shown symptomatic rhythm abnormalities, particularly sinus node dysfunction, after atrial switch procedures. Although atrial arrhythmias might be intrinsic to TGA or related to balloon atrial septostomy and subsequent ASD closure,' extensive atrial surgery during the Senning or Mustard procedure seems the more likely cause. The incidence of electrophysiologic abnormalities after atrial switch surgery has varied from 25% to 100%, depending on length of follow-up and mode of investigation. Even though the follow-up of patients after ASO is necessarily shorter than that after Senning or Mustard procedures, the early incidence of sinus node dysfunction, so common after atrial switch operations (up to 25% at hospital discharge), is rare after ASO.47`50 In our series, no patient had early sinus node dysfunction, although one developed "late" dysfunction. We have been unable to identify any unique features in his anatomy, surgical management, or recovery to explain this problem. 1342 Asymptomatic, and generally low-grade atrial and ventricular ectopic activity were frequently observed in this follow-up period. None has prompted antiarrhythmic therapy, and there may be a trend toward decreased frequency with longer follow-up. Potyntial causes of arrhythmia after ASO include ASD closure (after septostomy) and coronary compromise, including damage to the sinus node artery. We continue to recommend 24 hr Holter recordings for screening purposes in this patient group.
In summary, the restoration of the left ventricle as the systemic pump and the potential for long-term maintenance of sinus rhythm have been suggested as the major potential advantages of the ASO. Our midterrn results support this view. All of the patients we have evaluated exhibit normal left ventricular function. None have symptoms referable to the cardiovascular system. The one patient with evidence of sinus node dysfunction has experienced no symptoms, has required no antiarrhythmic medications, and has not needed pacemaker therapy. Significant problems with supravalvular pulmonary stenosis that we encountered early in our experience have been largely eliminated, and the surgical mortality has been reduced as well.
While these midterm results are certainly encouraging and support our view that primary ASO is the preferred treatment method for neonates with TGA/IVS, the longer term prognosis of these children remains unknown. We will continue to closely follow these patients and report on the status of the supravalvular and coronary anastomoses, competence of the neoaortic valve, and long-term ventricular and sinus node function.
